Early activation of human peripheral blood polymorphonuclear neutrophils is characterized by their morphological changes from spherical to polarized shapes. The endotoxins from enteric pathogens (S. dysenteriae type 1, V. cholerae Inaba 569B, S. typhimurium, and K. pneumoniae) were assessed by their ability to induce morphological polarization of the neutrophils as measures of early activation. Phagocytic activity, adhesion, chemokinetic locomotion, and nitroblue tetrazolium (NBT) dyereduction ability measured the later activation of the cells. Neutrophils showed distinct morphological polarization in suspension over a wide range of concentrations of these endotoxins when were compared with those that were induced by the standard chemotactic factor, N-formyl-Lmethionyl-L-leucyl-L-phenylalanine (FMLP). It was discovered that all of the endotoxins induced locomotor responses in neutrophils in suspension that were dose-and time-dependent. The optimum concentration for the endotoxins of S. dysenteriae, V. cholerae, and K. pneumoniae was 1 mg/ml in which 71, 69, and 66% of the neutrophils were polarized. However, the S. typhimurium dose was 2 mg/ml in which 50% of the cells responded. Neutrophils that were stimulated with endotoxins also showed increased random locomotion (p<0.005) through cellulose nitrate filters, but an enhanced adhesion of the cells to glass surfaces (p<0.03). These are important functions of these cells to reach and phagocytose damaged cells, as well as invading microorganisms. Interestingly, the endotoxins had a highly-significant inhibitory effect upon the proportions of neutrophils phagocytosing opsonized yeast (p<0.01) with a small number of yeast that were engulfed by the cells (p<0.02). Further, endotoxin-treated cells showed an enhanced ability to reduce NBT dye (p<0.03). Therefore, we concluded that endotoxins of enteric pathogens are neutrophil chemotactic factors.
Introduction
Neutrophils, the most numerous blood leukocytes, are considered to be the body's first line of defense since they combat infection by a series of events. These include adherence to blood vessels that is followed by transmigrating into tissues, random migration and chemotaxis, phagocytosis, and ultimately microbial killing. Commencement of the morphologic events that are the initial steps for the recruitment of neutrophils in response to infectious agents requires the integrity and coordination of a complicated series of cellular functions (Valletta et al., 1989) . The ability to survive an infectious challenge may depend on the appropriate modulation of these neutrophil functions.
Lipopolysaccharide (LPS, endotoxin) , an important component of the cell wall of gram-negative bacteria, is a potent agonist for priming and stimulating neutrophils, and is responsible for the pathogenecity of these organisms (Luchi and Munford, 1993) . Injection of endotoxin into rabbits is known to induce selective dysfunction of peripheral blood neutrophils in response to endogenous chemotactic factors, such as leukotriene B 4 and C5a (Hartiala et al., 1985) . In recent studies, neutrophils that were isolated from rat lungs after a challenge with endotoxin demonstrated a significant delay in spontaneous apoptosis (Watson et al., 1997) .
Interaction of neutrophils with LPS is mediated by the cell surface protein CD14 in the presence of serum factors, such as LPS-binding protein and septin (Shapira et al., 1995) , or by cell surface L-selectin. However, this latter binding is independent of serum and Ca 2+ (Malhotra et al., 1996) . Consequences of these interactions cause cell polarization, as well as F-actin redistribution, without a net gain in the F-actin content (Howard et al., 1990) . Reportedly, endotoxin can suppress macrophage phagocytosis by altering the distribution of microfilaments and microtubules; thereby, they act on the cytoskeletal network of the cells (Wonderling et al., 1996) .
However, previous studies did not examine the effects of endotoxins on neutrophil functions by directly adding these to the cells in suspension. Recently, we studied the LPS effects of V. cholerae (Islam et al., 1997) and S. dysenteriae (Islam et al., 1998) on different functional aspects of blood neutrophils. In the present study, we investigated and compared the effects of endotoxins from four pathogenic bacteria on the morphological polarization, phagocytosis, adhesion, locomotion, and NBT dye reduction by human neutrophils.
Materials and Methods
Endotoxins The endotoxin from the S. dysenteriae type 1 was obtained by the phenol-water extraction procedure (Westphal and Jann, 1965) . Endotoxins of other pathogenic bacteria (V. cholerae Inaba 569B, S. typhimurium and K. pneumoniae) that were obtained by the same procedure were procured from Sigma.
Isolation of neutrophils
Peripheral blood was drawn from normal, healthy human adults. The neutrophils were purified by the standard procedure of dextran sedimentation, followed by centrifugation on Ficoll-Hypaque through which the cells were collected as pellets (Shields and Haston, 1985) . These cells were washed with a Hank's balanced salt solution that contained 10 mM morpholinopropane sulfonic acid (HBSS-MOPS).
Polarization assays Neutrophils at 1 × 10 6 cells/ml in HBSS-MOPS were taken in several tissue culture plastic tubes. Different concentrations of the endotoxins were added to the cells. N-formyl-L-methionyl-L-leucyl-L-phenylalanine (FMLP, Sigma) at 10 −8 M was used as the standard chemotactic factor in these experiments. The cells were incubated at 37 o C, fixed with 2% glutaraldehyde, washed, then examined under an Olympus CH-30 microscope. The polarized cells were scored as described elsewhere (Shields and Haston, 1985; Islam and Wilkinson, 1988) .
Phagocytosis assays Neutrophils at 1 × 10 6 cells/ml that were pretreated with bacterial endotoxins were placed on microscope slides, left undisturbed to settle on and attach, and then allowed to phagocytose opsonized baker's yeast (preincubated in fresh plasma, then washed) at 37 o C. The neutrophil proportions that were attached to at least three yeasts were counted as phagocytic cells. The number of yeast that was bound to one hundred randomlychosen neutrophils were determined by counting 300 cells (Islam et al., 1997) . Also, the cell proportions that were attached with more than 10 yeast were counted from each preparation as the measure of efficiency of neutrophil phagocytosis.
Adhesion assays Neutrophils (5 × 10
5 cells/test) in human serum albumin (HSA, Sigma) at 5 mg/ml were allowed to adhere on glass coverslips in the presence and absence of endotoxins that were dissolved in HSA, as detailed earlier (Islam et al., 1997) . After a 30-min incubation at 37 o C, the nonadherent cells were collected, then counted. The proportions of the neutrophils that remained adherent to the coverslips were determined by back calculations.
Locomotion assays About 8 × 10
5 neutrophils in HSA were allowed to migrate through each cellulose nitrate filter (pore size: 3 µm, Millipore Ltd., UK) in response to the uniform 1 mg/ml concentration of different endotoxins that was dissolved in HSA. At the end of a 90-min incubation at 37 o C, the distance into the filter that was attained by the leading front of the cells was measured in ten fields, as described previously (Islam et al., 1997) .
NBT reduction assays Neutrophils at 2 × 10 6 cells/ml that were pretreated with different endotoxins in autologous plasma (50%) were allowed to reduce NBT dye. The reduced dye was extracted in dioxan, and the color intensity was measured at 520 nm.
Statistical analysis Data analyses were carried out using the Statistical Package for Social Sciences (version 8.0 for Windows, SPSS Inc., Chicago, USA). A comparison of the two groups (treated with or without LPS) was carried out using the student's ttest for paired samples / equality of means. The differences were considered significant when p was <0.05.
Results

Dose response for neutrophil polarization in endotoxins
The endotoxins of all four of the enteric pathogens that were tested in this study induced dose-dependent polarization in neutrophils ( Fig. 1) . It was observed that the endotoxin of K. pneumoniae at the nanogram concentration was capable of inducing neutrophil polarization. A substantial proportion, about 32% of the cells, was polarized with 100 ng/ml of K. pneumoniae endotoxin. Others induced polarization at 1 µg/ ml, the proportions of the polarized neutrophils were about 22%, which increased rather sharply from concentrations beyond 10 µg/ml. The maximum proportions of the polarized neutrophils with these endotoxins were about 69% with V. cholerae, 66% with K. pneumoniae, and 71% with S. dysenteriae type 1 at a concentration of 1 mg/ml. The endotoxin of S. typhimurium was less effective in inducing neutrophil polarization (Fig. 2) . This endotoxin caused some 50% of the cells to become polarized at 2 mg/ml. However, the proportions of polarized neutrophils decreased as the concentrations of all of the endotoxins increased. It was found that about 10-15% of the cells showed polarized morphology in the medium without endotoxin (points on ordinate, Fig. 2 ).
Time course of neutrophil polarization in endotoxins
The polarization time course showed that about 42% of the neutrophils became polarized within 5 min of exposure to the endotoxin of K. pneumoniae, 52% with V. cholerae, and 59% with S. dysenteriae 1 (Fig. 3) . The endotoxin of S. typhimurium was found to be less effective in inducing neutrophil polarization, even after 15 min, with only 20-25% of the cells responding. However, the optimum time for each of these endotoxins towards neutrophil polarization was 30 min at 37 
Effects of endotoxins on neutrophil phagocytosis
The proportions of neutrophils that were pretreated with different endotoxins phagocytosing opsonized yeast varied from about 67-90%, while the corresponding values for control cells were between 83-97% (Fig. 4) . The average percentages of the neutrophils phagocytosing opsonized yeast, while pretreated with the endotoxin of the S. dysenteriae type 1 was about 80%, V. cholerae was 77%, S. typhimurium was 78%, and K. pneumoniae was 84%. The mean values with the control cells were between 88-92% in these four sets of experiments. It was found that all of the endotoxins significantly suppressed the proportions of the neutrophils phagocytosing opsonized yeast (p<0.02). Endotoxin-treated neutrophils were also found to bind to fewer yeast cells (p<0.02, Table 1 ). Further, the efficiency of phagocytosis, as measured by the ability of the cells to attach to more than 10 yeast, was suppressed by all of the endotoxins. These results show that endotoxins of enteric pathogens have inhibitory effects on the phagocytic function of the neutrophils.
Effects of endotoxins on neutrophil adhesion, locomotion, and NBT dye reduction
The endotoxins were tested for their probable effects on these functions of neutrophils. The results are shown in Table 2 . It was observed that all of the However, the effects of these endotoxins on the proportions of the neutrophils that adhere to glass surfaces were very close, about 72-78%, although their effects on cell locomotion through filters were different. The efficacy of V. cholerae endotoxin was found to be much higher than those of other enteric pathogens in stimulating the random locomotion of the cells. In the presence of fresh plasma, the endotoxins acted as a phagocytic stimulus, and the enhanced oxidative metabolism of the cells resulted in an increased NADPH oxidation. This is because the NBT dye reduction ability of the neutrophils was significantly enhanced by these endotoxins (p<0.03).
Discussion
The endotoxins of four pathogenic bacteria were studied for their effects on the functions of neutrophils from healthy adults. To demonstrate their probable effects on neutrophil morphology, we directly added endotoxins to the cells in suspension, and estimated the proportions of neutrophils that were polarized. It was discovered that endotoxin had the ability to induce shape change or morphological polarization in neutrophils that would indicate an early event to be followed by their subsequent chemotactic response. Previous workers used polarization assays to study the responses of neutrophils (Shields and Haston, 1985) and monocytes (Islam and Wilkinson, 1988) to chemotactic factors. We report that all of the endotoxins that were tested in this study acted as chemotactic factors; each one has the ability to change the shape or stimulate the neutrophils to acquire locomotor morphology in a dose-and time-dependent manner. However, the responses varied with the endotoxin of one pathogen to another. The identity of the receptor that is responsible for endotoxin signaling and leukocyte activation is unknown. Recently, it was discovered that L-selectin is a neutrophil surface receptor for endotoxin and lipotechoic acid, and the interaction of endotoxin with the cell surface L-selectin results in superoxide production. This indicates that L-selectin can mediate both binding and activation of human neutrophils (Malhotra et al., 1996) . Endotoxin modulates FMLP-induced actin polymerization in neutrophils since it is associated with an increase in the number of FMLP receptors that are expressed on the cell surface (Howard et al., 1990) . However, we believe that neutrophil polarization may be a multi-step process that is inducible by compounds that trigger different biochemical events, as suggested earlier (Iannone and Wolberg, 1989) .
Pretreatment of neutrophils with each of these endotoxins showed significantly-suppressed phagocytic activity towards opsonized baker's yeast. In a phagocytic activity assessment, the scoring criterion was a modification of visual method that were described previously for the phagocytosis of Candida albicans by neutrophils (Allan and Wilkinson, 1978) and monocytes (Islam and Wilkinson, 1989 ) in which we did not distinguish between the engulfed yeast from the membranebound yeast. Our observations suggest that acquiring polarized morphology that is due to pretreatment with endotoxin was not essential for the neutrophils to exhibit phagocytic activity. This is because the control cells with spherical morphologies were found to be phagocytic. Also, the inhibitory effects of different endotoxins on neutrophil phagocytosis were similar, although their effects on morphological polarization of the cells were different. This suggests that the expression of cell polarization and phagocytic activity require different signals.
Our observations further suggest that endotoxin may directly interfere with C3b-and/or Fc-receptor-mediated phagocytic activity of the cells, thereby suppressing the neutrophil function. Although reports are not yet available on the effects of endotoxin on these cell surface receptors, it was discovered that the LPS receptor, CD14, is involved in the phagocytosis of gram-negative bacteria by human monocytes (Grunwald et al., 1996) . However, IL-1β and TNFα are known to up-regulate Fcr receptor-mediated phagocytosis by human neutrophils. The mechanisms though are still unknown (Garner et. al., 1996) .
Human neutrophils that are primed by endotoxin show the up-regulation of beta-2 integrins and the down-regulation of L-selectin. This suggests that adhesion molecules serve a modulatory role in the expression of neutrophil-programmed cell death (Watson et al., 1997) . Neutrophils exhibit a dramatic enhancement of integrin-mediated cell adhesion in response to endotoxin that requires CD14 on the cells and plasma proteins in solution (Park and Wright, 1996) . In this study, we used purified human serum albumin instead of fresh plasma in the adhesion and locomotion assays. We found that both of these neutrophil functions are highly enhanced by endotoxins.
We used a NBT dye reduction assay to study the metabolic function of the cells since the respiratory burst-dependent NBT reduction in phagocytes occur by a chemical reaction between the dye and the O −2 that is generated during the burst, which in turn is related to hexose monophosphate shunt and NADPH production (Ardati et al., 1997) . Therefore, the dye may be used to measure the ability of the neutrophils to kill microbes because of the close association between microbicidal function and dye reduction. Neutrophils showed a modest increase in NBT reduction following in vitro endotoxin exposure in the presence of plasma, presumably due to the generation of C5a, a known activator of oxygen metabolism. This observation confirms the findings of previous workers (Proctor, 1979; Wilson, 1985) .
In summary, all of the endotoxins that were tested in this study showed similar effects on neutrophils. Endotoxins of enteric pathogens stimulate human neutrophils to acquire polarized morphology, thereby acting as neutrophilchemotactic factors. Besides the inhibitory effect of the endotoxins on neutrophil-phagocytosis of baker's yeast, we also found other functions, for example, adhesion, locomotion, and NBT dye reduction by these cells were enhanced by endotoxins. However, endotoxins may suppress phagocytosis via its effects on the cytoskeletal network of the cells (Wonderling et al., 1996) . Our results indicate that endotoxin-stimulated neutrophils appear to have an enhanced ability to sense and respond to changes in the extracellular environment and may, therefore, represent an important avenue in augmenting the host defense.
